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Solid oxide fuel cells (SOFC) are one of the most effective ways to produce electrical energy
and are seen as the most promising energy producer from a variety of fuels. To produce a
sufficient amount of energy, several SOFCs are coupled in series with interconnects. Due
to the progress made in lowering operating temperatures of SOFCs these interconnects
can be metallic, among which the most promising are ferritic stainless steels. However
these steels contain Cr and need to be coated to prevent evaporation of chromia from
poisoning the cathode in the fuel cell. Spinels are seen as the most promising coatings
and this project focuses on spinel manganese cobalt oxide (MnCo2O4). The aim is to
make dense and crack-free MnCo2O4 coatings on Crofer 22 APU steel by spray pyrolysis
of nitrate solutions and tailoring of the heat treatment program.
The effect of substrate temperature, flow rate, volume, dilution, multiple layers and
heat treatment have been investigated. The deposited coatings have been evaluated
with respect to surface microstructure, thickness, density and stability at ”operating
conditions”. The study show that ideal spraying temperature is highly dependent on
the thermal behavior of the individual precursor solution. Alteration of flow rate and
volume was not successful in depositing crack free coating. Diluton of precursor solution
gave crack free coatings, but coatings did not withstand heat treatment. Multiple layers
resulted in coating with thickness of 7.87 μm.
Changing the heating rate in the first heat treatment step in N2 had a positive effect on
coatings sprayed with diluted precursor solution. Long term oxidation in air at for 100 h
at 800 ◦C showed sintering effects in coatings indicating that initial heat treatment of 5
h at 1000 ◦C in N2 and 5 h at 800 ◦C in air was not successful in sintering the coatings.
All samples showed formation of a Mn, Cr and O layer in the interface between chromia
and substrate after initial heat treatment. The presence of CrN island in the uncoated
side of the substrate was observed for all samples heated with slower heating rate in N2.
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Sammendrag
Fastoksids-brenselceller er sett p˚a som en av de mest effektive ma˚tene a˚ produsere elek-
trisk energi fra et stort spekter av drivstoff. For a˚ produsere tilstrekkelig med energi kobles
flere brenselsceller sammen i serie med koblings-plater. Fremskritt innen materialvalg for
fatsoksids-brenselceller har redusert driftstemperaturen til 800 ◦C slik at koblingsplatene
kan pruduseres av metaller. De mest lovende metallene er ferritske rustfrie st˚al. Disse
st˚altypene inneholder Cr og m˚a dekkes med et beskyttende belegg for a˚ hindre fordamp-
ing av kromoxyd i a˚ forgifte katoden i brenselscellen. Belegg av spinell oksider er mest
lovende og dette prosjektet fokuserer p˚a mangan kobolt oksid (MnCo2O4). Ma˚let til
prosjektet er a˚ avsette sprekkfrie og tette belegg p˚a Crofer 22 APU st˚al. Belegget skal
avsettes fra nitratløsninger ved spray pyrolyse, som er b˚ade enkel og billig. For a˚ gi
belegget ønskede egenskaper skal et skreddersydd varmebehandlingsprogram utvikles.
Effekten av temperatur p˚a substrat, strømningshastighet, volum, fortynning, flere lag og
varmebehandling har blitt undersøkt. Det avsatte belegget har blitt evaluert med hen-
syn p˚a overflatens mikrostruktur, tykkelse, tetthet og stabilitet ved ”driftsbetingelser”.
Prosjektet viste at den ideelle substrat temperaturen er sterkt avhenging av den termiske
oppførselen til nitratløsningen. Endring av strømingshastighet og volum førte ikke til
sprekkfire belegg. Fortynning av nitratløsning ga sprekkfrie belegg, men beleggene t˚alte
ikke varmebehandling. Flere lag ga tykkeste belegg p˚a 7.87 μm.
Endring av oppvarmingshastigheten for det initielle varmebehandlingssteget i N2 hadde en
postitiv innvirkning p˚a beleggene sprayet med fortynnet nitratløsning. Varmebehandling
i 100 t ved 800 ◦C i luft viste en sintringseffekt p˚a beleggene, dette viser at det initelle
varmebehandlingen p˚a 5 t ved 1000 ◦C i N2 og 5 t ved 800 ◦C i luft ikke tillater tilstrekke-
lig sintering av beleggene. Alle prøvene viser et Mn, Cr og O rikt lag i grenseomr˚adet
mellom kromoxyd og substrat som har blitt dannet under den initielle varmebehandlin-
gen. Det ble oppdaget CrN øyer i den beleggfrie siden av st˚alet i alle prøvene som ble
varmebehandlet med en roligere oppvarming i N2.
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11 Background
The energy demand in the world is constantly increasing and one of the most promising
and efficient ways to produce electrical energy from a variety of fuels is by the use of solid
oxide fuel cells (SOFCs)[1]. In fuel cells oxygen is reduced and oxygen ions travel through
an impermeable electrolyte, oxidize the fuel and produce electrical energy. SOFCs are
normally coupled together electrically by the use of interconnects. Up to recently these
interconnects were made from expensive ceramic materials, such as lanthanum chromite
[1]. Recent material developments have reduced the operating temperature of the SOFCs
to 700-850 ◦C[2]. The reduction in operating temperature has opened up for the use of
metals in interconnects, ferritic stainless steels are especially suitable[2]. Stainless steels
form a chromia scale when oxidized and have to be coated to prevent volatile chromia
species from poisoning electrodes in the fuel cells.
This project will use a spinel manganese cobalt oxide (MnCo2O4) as coating. The coating
will be deposited by spray pyrolysis. The project is a continuation of the work of Weber
et al.[3] and Nguyen et al.[4]. Nguyen et al.[4] optimized the parameters for depositing
a continuous and crack-free coating with spray pyrolysis on E-brite. The aim for this
project is to alter these parameters to fit Crofer 22 APU steel and find the optimal heat
treatment program for the deposited coatings. Heat treatment at higher temperatures
over longer time gives denser coatings that prevents O and Cr migration, but it also
favors the formation of unwanted phases. Nguyen et al.[4] suggest a combination of
high temperature in inert atmosphere, followed by a re-oxidization in air. Baba et al.
[5] showed that adding a reducing step to the production of the coating increased the
density of the coating and reduced the formation of unwanted phases.
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2.1 Solid Oxide Fuel Cells
Solid Oxide Fuel Cells (SOFCs) are one of the most efficient method of producing electrical
energy from a variety of fuels, including hydrogen, methane and natural gas[1].
SOFCs consist of an anode and a cathode with an impermeable electrolyte in between.
As seen in Figure 2.1 oxygen gas is reduced at the cathode and oxygen ions migrate
through the electrolyte to the anode. Fuel is fed on the anode side and is oxidized by
oxygen ions, releasing electrons. The electrons travel in an external circuit back to the
cathode producing electrical energy. The charge balance is maintained by the diffusion
of ions through the electrolyte from cathode to anode.
Figure 2.1: Operating principle of a solid oxide fuel cell.[6]
As long as fuel and oxygen is available the fuel cell will continuously produce electricity.
One fuel cell produces approximately 1 V electricity and power of 1 W/cm2. To increase
the outcome several fuel cells are electrical coupled with interconnects[6]. A figure of a
SOFC stack is shown in Figure 2.2.
2.2 Interconnects
The purpose of an interconnect is to couple several fuel cells in a stack that delivers
more electrical energy compared to just one cell. There are several material requirements
for materials used as an interconnect. Zhu et al.[1] gives the following nine criteria an
interconnect have to fulfill to be eligible for use in solid oxide fuel cells.
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Figure 2.2: Flat plate solid oxide fuel.[7]
1. Interconnects need to exhibit excellent electrical conductivity in the operating tem-
perature range. In an ideal case there should be little to no ohmic loss caused by the
introduction of interconnects in a stack of fuel cells.
2. The interconnect has to be fairly stable with regards to chemical composition, di-
mension, mechanical properties and microstructure at the operating temperature of the
SOFC, in both oxidizing and reducing atmosphere.
3. Interconnects cannot allow migration of oxygen or hydrogen. This is to prevent oxygen
and fuel from recombining at the interconnect instead of in the electrolyte. A recombi-
nation at the interconnect would cause a loss of efficiency in the fuel cell because fuel
would be used without delivering electrical energy to the outer circuit.
4. To prevent unwanted stress the thermal expansion coefficient for the material of the
interconnect should be comparable to the values for the adjacent electrodes and the elec-
trolyte.
5. The material used in interconnects have to be completely inert to the adjacent anode
and cathode materials. Any formation of a phase from either a chemical or diffusion
based reaction between the interconnect and the electrode will cause ohmic loss in the
stack.
6. The interconnect should have a thermal conductivity above 5 Wm-1K-1. A higher
thermal conductivity is better as heat is produced at the cathode, and transfer of heat
through the interconnect will facilitate the endothermic fuel reforming reaction at the
anode.
7. The material has to have great resistance against oxidation, sulfurization and carbur-
ization.
8. The interconnect must be easy to mass produce and have a low cost so it can be
commercially available.
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9. The interconnect needs to display adequate creep resistance and strength at the ele-
vated operating temperatures of the fuel cell.
2.2.1 Ceramic Interconnects
The main focus for research on materials used as interconnects has been on complex
ceramic oxides with perovskite structure and especially lanthanum chromite, LaCrO3[1].
Perovskite lanthanum chromite has good thermal and chemical stability, high electronic
conductivity in both the reducing fuel environment and the oxidizing environment[8].
These properties are further improved by doping with Mg, Sr or Ca[9]. With respect to
mechanical strength magnesium doping is least effective and strontium doped lanthanum
chromite exhibits the highest strength. Strontium doping also gives the highest thermal
expansion coefficient and reduces the activity of the chromium oxide the most. However,
there are clear weaknesses with lanthanum chromite. It is a p-type semiconductor and
therefor loses conductivity with increasing oxygen partial pressure. Lanthanum is a rare
earth-metal and very expensive. Processing methods for ceramic interconnects is also
limiting with respect to geometric design of the interconnect. The sintering process of
lanthanum chromite is difficult, and reduce the density of the interconnect[9]. This is a
major drawback as the interconnect have to be impermeable to hydrogen and oxygen.
All these limitations have lead to efforts in finding alternate materials.
2.2.2 Metallic Interconnects
The development of SOFCs with high efficiency at lower temperatures has opened for
the use of metals or alloys as interconnect material. With operating temperatures in the
range of 700-850 ◦C metallic interconnects makes a viable option[10]. The function of
interconnects is to connect the fuel cells and deliver the electrical energy to an external
recipient, this requires the material for the interconnect to have high conductivity and
maintain this through out the lifetime of the SOFC. Any scale formed by oxidation of
the metal would therefor have to fulfill the requirements given in Zhu et al.[1]. Promising
metals include heat resistant alloys such as Ni-, Fe- or Cr-based super alloys, Cr-based
alloys or stainless steels[10].
Chromia scale has better conductivity compared to its counterparts in alumina and sili-
cone scale. Further considerations of aspects such as electrical expansion coefficient and
manufacturing costs suggest that ferritic stainless steels (FSSs) are the most attractive
material for use in metallic interconnects[2].
Cr-based ferritic stainless steels form a protective chromium oxide layer, or scale, on
the surface. The chromia scale prevents further oxidization of the steel substrate. It is
favorable to prevent a continued build up of this scale, as it will degrade the total con-
ductivity of the interconnect. Chromia is also volatile in the oxidizing atmosphere and
form chromium trioxide according to the reaction given in Equation (1).
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2 Cr2O3(s) + 3 O2(g) −−⇀↽− 4 CrO3(g) (1)
The presence of water in the environment will hydrate the chromium trioxide to chromium
hydroxide according to Equation (2).
2 CrO3(g) + H2O(g) −−⇀↽− CrO2(OH)2(g) (2)
If the chromia hydroxide come in contact with the electrodes it can be reduced and deposit
on the electrode, causing a reduction of the active area on the electrode. A reduction of
active area will also lower the performance of the cell. The vapor pressure of chromia
hydroxide is highest in air, making the cathode most exposed to degradation[2]. The
mechanism for deposition of chromium is not fully understood but a proposed mechanism
is shown in Equation (3).
2 CrO2(OH)2(g) + 3 V
••
O + 6 e
− −−⇀↽− Cr2O3(s) + 3 OxO + H2O(g) (3)
However, the mechanism is still disputed and there are research suggesting that the
reaction may not even be electrochemical[2]. A possible solution to prevent the volatile
chromia scale from poisoning the electrodes is to alter the bulk properties of the steel.
Crofer 22 APU is a product of ThyssenKrup. It has the chemical composition of 20-24
wt% Cr, 0.3-0.8 wt% Mn, max 0.5 wt% Si, 0.04-0.2 wt% La, max 0.5 wt% Cr, 0.03-
0.2 wt% Ti, max 0.03 wt% C, max 0.02 wt% S, max 0.05 wt% P[11]. Crofer steel is
protected at higher temperatures by the formation of a (MnCr)3O4 spinel[12],[13]. This
spinel forms a layer on top of the chromia and reduces the Cr volatility of the steel.
However, measurements show that the Cr volatility only is reduced by a factor of 3[14].
The spinel formed on the Crofer steel substrate is not as stable as wanted, so a more
promising method to prevent chromium poisoning is to coat the FSS with a protective
coating.
2.3 Coatings
Coating of materials gives the possibility to mask or hide undesired properties of the
material. Coating of steel to prevent oxidation is wildly used and this principle is utilized
to engineer coatings with desired properties for protecting metallic interconnects.
A fundamental requirement for a coating is good adhesion to the surface. Mechanisms for
adhesion can be chemical, physical or mechanical[15]. Coatings with similar properties
to the substrate will adhere better. Such properties could include, but are not limited to
crystal structure and thermal expansion coefficient.
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For the purpose of using engineering coatings on FSS interconnects the coating has to
suppress the adverse properties of the chromia scale and improve the electrical properties
of the oxide layer formed[16]. The material selected for coating should show low diffusion
of chromium cations to prevent poisoning of the cathode. It should also display low dif-
fusion of oxygen as this could lead to further oxidation of the substrate, meaning further
growth of the intermediate chromia scale. If the intermediate chromia scale grows exten-
sively it can cause spallation and degrade the electrical and mechanical properties[17].
By preventing the excessive growth of chromia the coating can decrease alloy oxidation,
hinder poisoning and reduce the interfacial contact area specific resistance towards the
cathode[14].
Research has been done on the use of several conducting perovskites as coatings. The
perovskites in question have often also been used as cathode or interconnects in SOFCs.
They lower the interfacial contact area specific resistance, but the cell is not protected
from chromia poisoning. Chromium leaks in to the cell either from chromium containing
species or by diffusion trough the perovskites. Therefor spinel coatings are seen as a more
promising option, especially manganese cobalt oxide[14].
2.4 Manganese Cobalt Oxide
The general structure of manganese cobalt oxide is Mn1+δCo2-δO4 where the variation of
delta gives different crystal structures. Yang et al.[14] explains that Mn2CoO4 (δ=1.0)
and Mn2.5Co0.5O4(δ=1.5) has a tetragonal spinel structure. While Mn0.5Co2.5O4(δ=-
0.5) and the composition investigated in this project, MnCo2O4(δ=0) exhibit a cubic
spinel structure. The intermediate compositionMn1.5Co1.5O4(δ=0.5) has a dual phase and
contains both the cubic and tetragonal spinel structure. The most suited compositions
are the ones where 0<δ<1[18]. The relationship between phases and temperature is given
in the phase diagram in Figure 2.3 the composition of interest is marked.
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Figure 2.3: Phase diagram for manganese cobalt oxide.[19]
West et al.[20] describes the cubic spinel structure based on the general formula for
spinels AB2O4, shown in Figure 2.4. The structure is built up from a cubic closed
packed structure of O2- ions with B-cations occupying alternate octahedral positions. The
alternating filling leads to two different sub cubes. Each of these sub cubes is one eight
of the total spinel unit cell. The A-cations occupy on eight of the tetrahedral positions.
A tetrahedral and octahedral position sharing one face cannot both be filled due to
the cation-cation repulsion forces. This means A-cations will only occupy tetrahedral
positions where all four neighboring octahedral positions are vacant.
In reality cations are slightly displaced from the positions shown in Figure 2.4. The
displacement depends on the compounds and in some cases it leads to a new cation
distribution. The normal spinel can be denoted [A]tet[B]oct2 O4 while the other extremity
is the inverse spinel [B]tet[AB]oct2 O4. Manganese cobalt oxide is an inverse spinel.
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Figure 2.4: Schematic figure of a) the spinel structure and b) the sub cubes.[21]
Manganese cobalt oxide is seen as one of the most promising protective coatings due to
the good electrical conductivity and a thermal expansion coefficient in the same range as
ferritic stainless steels. The electrical conductivity of different manganese cobalt oxides
and other comparable spinels are given in Figure 2.5.
Figure 2.5: Electrical conductivity vs. temperature for selected oxides.[14]
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Figure 2.5 show that the electrical conductivity of MnCo2O4 is about 60 S cm
-1, this is
approximately 100 times higher than the value for MnCr2O4 at 800
◦C[14, 18]. MnCr2O4
is the main component formed in the scale on manganese containing stainless steels and
it is clear that a layer of manganese cobalt oxide is preferred with respect to electrical
conductivity.
Other properties that makes manganese cobalt oxide suitable as a protective coating is the
thermal expansion coefficient. The thermal expansion behaviors of different manganese
cobalt oxide compositions and the behavior of different interconnect materials are given
in Figure 2.6.
Figure 2.6: Thermal expansion behavior of a) different manganese cobalt oxide
compositions[9]. b) AISI, Crofer-steel and Mn1.5Co1.5O4[14].
The behavior of Mn1.5Co1.5O4 is linear with respect to temperature, as shown in Fig-
ure 2.6. This is the same behavior as for Crofer steel. For temperatures below 1000
◦C MnCo2O4 have similar behavior as Mn1.5Co1.5O4 making them equally suitable with
respect to thermal expansion when used as protective coating[9].
2.5 Spray pyrolysis
Spray pyrolysis is a wet chemistry deposition method with possibilities of depositing thin
films[3]. In spray pyrolysis a precursor solution is atomized with a carrier gas, making
an aerosol. The aerosol is sprayed on a heated substrate. A thin film will deposit on
the substrate with a given rate. Spray pyrolysis makes it possible to deposit multiple
coatings on the same sample.
This method is simple and therefor it is versatile, cost effective and easily scalable. The
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possibility of using liquid precursors and the absence of vacuum gives spray pyrolysis a
great advantage compared to other wet chemistry deposition methods. The experimen-
tal setup gives little restrictions to the substrate material or the surface profile of the
material[3]. The pray pyrolysis set-up gives the opportunity to vary the thickness of the
film deposited by varying different parameters. However, there are some drawbacks with
spray pyrolysis. The absence of vacuum makes the system sensitive to dust. Depositing a
coating with uniform film thickness is challenging when spraying an aerosol. The coating
also requires an ultimate heat treatment to densify the coating.
An illustration of a spray pyrolysis set-up is shown in Figure 2.7. Precursor solution is
fed to the nozzle through a spray unit at a given rate controlled with a flow controller.
Carrier gas is supplied to the nozzle by a gas delivery system in the spray unit, and a
temperature controller is controlling the temperature of the substrate.
Figure 2.7: Schematic figure of spray pyrolysis apparatus.
There are several parameters available for adjustment in the spray pyrolysis apparatus,
including substrate temperature, flow rate, type of solvent and precursor salt, and droplet
size. Variation of these parameters will have a direct effect on the atomization, transport
and deposition[3].
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2.5.1 Deposition Mechanisms
The initially proposed mechanism for deposition of thin film during spray pyrolysis was
a chemical vapor deposition mechanism. The film would grow from the vapor formed by
droplets evaporating close to the hot substrate. But the presence of vapor seems unlikely
because the precursors usually do not consist of volatile species and the temperature
required to evaporate salt precipitates are very high. Experiments also showed splats in
the microstructure so other mechanisms were sought after[3].
Perednis et al.[22] describes a mechanism dependent on substrate temperature. As shown
in Figure 2.8 a high substrate temperature will cause the precursor to precipitate before
reaching the substrate surface as a solid oxide particle. This solid particle will bond
badly to the substrate and the coating formed will be porous and adhere poorly. If the
temperature is too low the aerosol will hit the surface as wet droplets. These droplets
will spread well on the substrate because of high solvent content. The excess solvent
that evaporates during drying will crack the coating. An intermediate temperature gives
an ionic precipitate with good spreading properties and adhesion to the substrate. In
the intermediate temperature range all solvent is evaporated as the precursor reaches
the surface, only the metal cations and nitrates are left. During the drying stage these
nitrates will evaporate and leave the desired structure.
Figure 2.8: Effect of operating temperature on deposition of precursor.[3]
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The boiling point of the chosen solvent will affect the coating density and is directly
correlated to the substrate temperature. At sufficiently high substrate temperatures the
Leidenfrost phenomenon can occur. At substrate temperatures above the Leidenfrost
point of the solvent the droplets don’t impact the substrate but levitate above it on a
vapor cushion and are carried away by the air stream[23]. The Leidenfrost point of a
precursor is dependent on the type of solvent and the concentration of metal salt.
14 2 Introduction
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3 Experimental
3.1 Preparation of Precursor Solution
Precursors solutions with concentration of 0.5 M were made from Co(NO3)2 • 6H2O and
Mn(NO3)2 • xH2O salts dissolved in water respectively. Further details of the chemicals
are given in Table 3.1.
Table 3.1: Chemicals used in the precursor solutions
Name Formula CAS nr Producer
Molality
[mmol/g]
Cobalt
nitrate
hydrate
Co(NO3)2 • 6H2O 10026-22-9 Sigma-Aldrich 0.461
Manganese
nitrate
hydrate
Mn(NO3)2 • xH2O 15710-66-4 Sigma-Aldrich 0.475
Solutions were standardized with thermogravimetric standardization according to the
temperature program given in Figure 3.1, using four parallels. The nitrate salts and
the following oxides where weighed to determine the exact cation concentration of the
individual precursors. The precursor solutions were mixed in a Mn:Co ratio of 2:1 and
a small batch was heat treated at 800 ◦C to form the resulting oxide. X–ray diffraction
was used to ensure the correct stoichiometry of the oxide.
Figure 3.1: Temperature program for standardization of precursor solutions.
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3.2 Preparation of Substrates
A Crofer 22 APU plate was cut into substrates with dimension 20 x 20 x 1,5 mm. The
substrates were polished accordingly to the program given in Table 3.2 to obtain the
desired surface profile, a mirror finish. Mark that the times are approximat and samples
were checked after each step to make sure that the desired finish was obtained. Polishing
was conducted with Struers TegraForce–5 as sample holder and Struers TegraPol–31 as
rotator.
Table 3.2: Grinding and Polishing program for preparation of steel substrates.
Force [N] Grinding Disc Lubricant Time [min] Speed [rpm]
150 #220 SiC Paper Water 5 300
70 MD Largo DiaPro All/Lac 10 150
(9 μm)
120 MD Dac DiaPro Dac 20 150
(3 μm)
3.3 Preparation of Coatings
Before spraying each substrate was cleaned in acetone in an ultrasonic bath for 30 minutes
to make sure they were free from organic substances and any polishing residue. Spraying
a given volume of distilled water cleaned the spray pyrolysis system before use. The
nozzle was cleaned by ultrasonic bath in ethanol for 10 minutes.
The sprayed solution was made from a given amount of the Co-precursor solution and
the Mn-precursor solution respectively. The precursor solutions were weighed and mixed
in a Mn:Co ratio of 1:2 under continuously stirring.
Each sample was placed in the center of the spray cone and the center of the heating
element, and then the sample was sprayed with the prepared precursor solution. The
carrier gas used in this experiment was synthetic air. The pressure of the carrier gas
was set to 0.6 bar and kept constant. The flow rate, set-point temperature, volume
and concentration of precursor solution was varied accordingly to Table 3.3 to determine
optimal deposition parameters. After the given volume was sprayed, samples were left
on the heating plate for 1 min to dry and let the process finish before the gas supply was
turned off.
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Table 3.3: Spraying parameters
Experiment Flow rate Gas Pressure Set-point temp. Volume
no. [mL/min] [bar] [◦C] [mL]
E1 0.3 0.6 700 5
E2 0.3 0.6 750 5
E3 0.3 0.6 800 5
E4 0.3 0.6 850 5
E5 1.0 0.6 800 5
E6 0.3 0.6 800 2
The temperature of the steel substrate during the different stages of spraying is given in
Table 3.4.
Table 3.4: Substrate temperature.
Set-point With gas Without gas
700 ◦C 144 ◦C 388 ◦C
750 ◦C 165 ◦C 404 ◦C
800 ◦C 190 ◦C 450 ◦C
850 ◦C 215 ◦C 485 ◦C
3.4 Dilution
The precursor solution were weighed and mixed in a Mn:Co ratio of 1:2 and diluted with
water to half the concentration under continuous stirring. The procedure for preparation
of substrates and coatings were followed as previously. The spraying parameters for
spraying of the diluted precursor solutions are given in Table 3.5.
Table 3.5: Spraying parameters for diluted precursor solution.
Experiment Flow rate Gas Pressure Set-point temp. Volume
no. [mL/min] [bar] [◦C] [mL]
F1 0.3 0.6 800 5
F2 0.3 0.6 800 10
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3.5 Multiple layers
Samples with multiple layers were first sprayed with spraying parameters accordingly to
appropriate experiment. The samples were then heat treated to find the optimal heat
treatment for multiple layers. After heat treatment the samples were sprayed again with
spraying parameters according to desired experiment, before final heat treatment.
3.6 Heat treatment
Coated samples were given heat treatments to improve the coating properties. A selection
of samples was decomposed on the heating plate for 5 min without gas. The samples were
either heated for 5 h in N2 at 1000
◦C, with heating and cooling rate 200 ◦C/h, or following
a slow heating program given in Figure 3.2. After heat treatment in N2 the samples were
heated for 5 h at 800 ◦C in air, with heating and cooling rate 200 ◦C/h.
Figure 3.2: Temperature program for heat treatment in N2 with reduced heating rate.
Samples with the most promising coating properties were given long term heat treatment
in air at 800 ◦C for 100h, with heating and cooling rate of 200 ◦C/h.
3.7 Characterization
3.7.1 Scanning Electron Microscope (SEM)
The surface microstructures of the samples were examined in the SEM to determine if
the coatings were crack-free. The cross section of each sample was examined to determine
coating thickness. To examine the cross section, the samples were cast in epoxy, cut in
half with a diamond saw blade, grinded and polished before sputtering with carbon. The
grinding and polishing program is given in Table 3.6. The microscope used was a low
vacuum scanning electron microscope (LVSEM), Hitachi S–3400N.
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Table 3.6: Grinding and Polishing program for preparation of cross sections.
Force [N] Grinding Disc Lubricant Time [min] Speed [rpm]
30 #500 SiC Paper Water 10 300
20 #800 SiC Paper Water 5 300
20 MD Largo DiaPro All/Lac 5 150
(9 μm)
15 MD Dac DiaPro Mol 5 150
(3 μm)
3.7.2 Energy Dispersive X-ray Spectroscopy (EDS)
Figure 3.3: An illustration of a line
scan.
Cross sections of the coated samples were inspected
with EDS. Both EDS mapping of surfaces and line
scans across cross section were performed. A line
scan is illustrated in Figure 3.3 with the white arrow
on a SEM picture of a cross section. The different
components of the sample is marked on the cross
section image. The microscope used was the Hitachi
S–3400N, a LVSEM. Working distance was set to
approximately 10 mm and accelerating voltage was
16 kV.
3.7.3 X-ray Diffraction (XRD)
XRD was used to determine the phase purity of the coatings. The coatings were scanned
with a D8–DaVinci advance. The samples were scanned with 2θ-values varying from
10-60◦ with a 0.020 step count. Phases in the diffractograms were analyzed applying the
DIFFRAC.EVA software from Bruker.
3.7.4 TermoGravimetric Analysis (TGA)
A small amount of precursor solution was heated to remove water and the thermal be-
havior analyzed with TGA for two different temperate programs. Green coating was
scratched of the substrate and the thermal behavior analyzed with TGA using the same
temperature programs. The two temperature programs for TGA are given in Figure 3.4a
and Figure 3.4b.
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(a) (b)
Figure 3.4: Temperature program a) #1 in N2 and air. b) #2 in air.
Both temperature programs were carried out on a STA 449C Jupiter from NETZSH.
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4 Results
Samples are named according to their treatment as explained in Table 4.1.
Table 4.1: Sample naming.
Naming Code Treatment
E/F(NUM.) Number denotes experiment number in Table 3.3
or Table 3.5.
D. Sample has been decomposed on heating plate
for 5 min without gas after spraying.
N. Sample has been heat treated in nitrogen at 1000
◦C for 5h.
NS. Sample has been heat treated in nitrogen at 1000
◦C for 5h with the slow heating program.
A. Sample has been oxidized in air at 800 ◦C for 5h.
LT. Sample has been oxidized in air at 800 ◦C for 100
h.
The name of a sample sprayed after experiment number 1 and decomposed on the heating
plate, followed by heat treatment in N2 for 5 h at 1000
◦C and oxidation in air for 5
h at 800 ◦C will be named E1D.N.A. Samples with multiple layers are named in the
order the treatment is given. A sample sprayed with experiment number 4, decomposed
and then sprayed with experiment number 3, followed by heat treatment will be named
E4D.E3.HeatTreatment. Samples were several layers are produced identically will be
named with a number in front of the name indicating the repetitions, i.e. 2(E3.N.A).
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4.1 Thermogravimetric Behavior
Thermogravimetric behavior of precursor solutions is provided in this section, while the
behavior of green coatings are provided in Appendix A.
4.1.1 Precursor Solutions
The thermal behavior of the precursor solution according to temperature program 2 is
shown in Figure 4.1.
Figure 4.1: TGA of precursor solution in air for both heating and cooling.
The mass loss begins at 100 ◦C, and displays a small plateau at approximately 200 ◦C
before it continues and flattens out at 275 ◦C. The mass is stable up to 1100 ◦C where a
small mass loss is displayed.
Thermal behavior of precursor solution in N2 is displayed in Figure 4.2. The thermal
behavior is similar to the behavior in air, as shown in Figure 4.1. A small plateau is
observed in the mass loss at approximately 200 ◦C. There is a stable region from 400 -
800 ◦C in N2, before a further loss of mass is observed at 850 ◦C. During cooling in N2
the mass is stable. Upon re-heating in oxygen a immediate mass gain is observed which
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continues to the mass is approximately the same as the stable plateau during heating in
N2.
Figure 4.2: TGA of precursor solution for heating and cooling in N2 followed by heating
and cooling in air.
TG results for both precursor solution and green coating display a stable region in the
mass at around 700 ◦C. XRD of a coated sample heated to 700 ◦C in N2 confirms that
this region is associated with a cubic spinel.
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4.2 Substrate Temperature During Spraying
The surface microstructure of samples sprayed at respectively 700 ◦C, 750 ◦C, 800 ◦C or
850 ◦C are shown in Figure 4.3.
(a) (b)
(c) (d)
Figure 4.3: Surface microstructures of samples a) E1D b) E2D c) E3D and d) E4D.
Images are taken with SEM.
The most cracked microstructure is observed in sample E1D. The broadest cracks in this
sample are roughly 5 μm. Sample E4D shows fewer cracks and bigger grains of continuous
coating compared to the samples sprayed at lower temperatures. Solid particles are also
visible on the surface of the coating on sample E4D. The trend is decreasing severity of
cracks with increasing spraying temperature.
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4.3 XRD diffractograms
Samples were subject to XRD analyses after each heat treatment step. Peaks in the XRD
diffractograms are identified as pure metal and metal oxides after heat treatment in N2,
and as a cubic spinel after oxidization in air. This trend is valid for all samples. Influence
of substrate and chromia in the diffractograms varied dependent on the thickness of the
coatings. XRD diffractograms for sample E5 after heat treatment in N2 and air are
shown in Figure 4.4 and 4.5 respectively. Remaining XRD diffractograms are provided
in Appendix B.
Figure 4.4: XRD Diffractogram of sample E5.N
The diffractogram for sample E5.N display peaks that most likely corresponding to pure
cobalt, iron(II)oxide, a iron-cobalt complex and the substrate. The observed FeO is most
likely a mixture between MnO and FeO detected in the substrate/coating interface. The
important thing is to note that a cubic spinel phase is not present.
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Figure 4.5: XRD Diffractogram of sample E5.N.A.
The diffractogram for the sample after oxidation in air show a cubic spinel structure
without any influence from the substrate or from chromia. The spinel structure is assumed
to be the desired MnCo2O4 based on analysis with DIFFRAC.EVA from Bruker.
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4.4 Flow Rate
The microstructure of sample E5 is shown in Figure 4.6a. The sample was sprayed with
flow rate of 1 mL/min. The behavior of sample E5 after heat treatment in N2 and air is
shown in respectively Figure 4.6b and Figure 4.6c.
(a) (b)
(c)
Figure 4.6: Surface microstructure of sample a) E5 b) E5.N and c) E5.N.A. Images are
taken with SEM.
The green coating on sample E5 display continuous cracks through the surface. Cracks
are varying in thickness with some thinner cracks branching out from the larger ones.
Compared to samples sprayed with lower flow rate, sample E5 display a lower degree
of cracking. After heat treatment in N2 the coating display severe broadening of the
cracks. The same microstructure is visible in the re-oxidized sample in Figure 4.6c but
the branching of the cracks are to some extent reduced.
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The cross section of sample E5.N.A was investigated with SEM and is given in Figure
4.7.
Figure 4.7: Cross section microstructure of sample E5.N.A. Image is taken with SEM
The coating is fairly dense and displays a thickness of approximately 7.3 μ. The chromia
layer is measured to a thickness of about 1.4 μm. Cross section reveals that cracks that
are visible on the surface picture in Figure 4.6c run all the way down to the substrate
and expose it to the atmosphere.
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4.5 Spraying Volume
The microstructure of sample E6D and the effect of heat treatment in N2 and air are
given in Figure 4.8. The sample is sprayed with 2 mL of precursor solution and then
decomposed. The sample is further heated in N2 for 5 h at 1000
◦C and oxidized in air
at 800 ◦C for 5 h.
(a) (b)
(c)
Figure 4.8: Surface microstructure of sample a) E6D b) E6D.NS. and c) E6D.NS.A.
Images are taken with SEM.
The green coating microstructure display some thick cracks with thinner cracks branching
out. When heat treated in N2 the cracks show some broadening effects and solid particles
has formed on the coating surface. After oxidizing in air the frequency of cracks are
lowered but the particle formation appears to have increased.
The cross section of sample E6D.NS.A was investigated with SEM and is given in Figure
4.9. The coating display a thickness of approximately 2.7 μm and the chromia layer is
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about 1.4 μm. The coating is fairly dense, but with a few larger pores in the interface of
chromia and the coating.
Figure 4.9: Cross section microstructure of sample E6D.NS.A.
4.6 Dilution of Precursor Solution
4.6.1 Spraying 5 mL of Diluted Precursor Solution
The surface microstructure of sample F1D, sprayed with the diluted precursor solution,
is shown in Figure 4.10. The sample exhibited two different coating microstructures.
(a) (b)
Figure 4.10: Microstructure of sample F1D for a) a smooth surface area. b) a cracked
surface area. Images are taken with SEM.
Both a smooth surface and a more cracked surface is observed as shown in Figure 4.10a
and Figure 4.10b. The section with lesser cracks display circular orbits in the coating
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surface, while the cracked region has a lower frequency of these orbits. In total the sample
display a microstructure with very thin cracks, especially when compared to samples
sprayed with non-diluted precursor solution.
The coating microstructures for sample F1D after heat treatment in N2 are given in
Figure 4.11.
(a) (b)
Figure 4.11: Microstructure of sample F1D.N for a) a smooth surface area. b) a cracked
surface area. Images are taken with SEM.
Microstructure for the smooth surface of sample F1D display more cracking after heat
treatment in N2, tiny particles have appeared on the coating surface and the coating
seems more porous. The area that was already cracked before heat treatment display
clear broadening of cracks. Large areas of substrate is exposed, as seen in Figure 4.11b.
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In Figure 4.12 the coating microstructures of sample F1D.N.A are given after oxidation
in air.
(a) (b)
Figure 4.12: Microstructure of sample F1D.N.A for a) a smooth surface area. b) a cracked
surface area. Images are taken with SEM.
Coating microstructure is very similar to the microstructure observed after heat treatment
in N2. The smooth area display a continuous coating with some cracks. For the cracked
area, in Figure 4.12b, the coating only appears in patches leaving large areas of the
substrate exposed.
The SEM image of the cross section of sample F1D.N.A is given in Figure 4.13.
Figure 4.13: Cross section microstructure of sample F1D.N.A.
Cross section image reveals that coating is barely covering the surface, as observed in
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the surface pictures. The coating is thin and measures only 4 μm at its thickest. It is
very porous, with higher porosity in the surface of the coating. The chromia layer on the
sample is about 1.4 μm thick.
4.6.2 Spraying 10 mL of Diluted Precursor Solution
Surface microstructure for sample F2D is shown in Figure 4.14. The sample is sprayed
with 10 mL of diluted precursor solution.
(a) (b)
Figure 4.14: Surface microstructure for sample F1D for an area with a) few cracks. b)
more cracks. Images are taken with SEM.
Two distinct regions are observed in the microstructure. One region with less cracks, but
with a network of what appears to be underground channels in the coating. The cracks
are formed independently of these channels. The other region display a higher degree of
cracking and only a few of the mentioned channels are observed. However, cracks in both
regions are fairly thin compared to samples sprayed with non-diluted precursor solution.
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The microstructure for sample F2D after heat treatment in N2 and air is given in Figure
4.15.
(a) (b)
Figure 4.15: Surface microstructure of sample F2D after heat treatment in a) nitrogen.
b) air. Images are taken with SEM.
The microstructure after heat treatment in N2 shown in Figure 4.15a show severe cracking
and the cracks have developed noticeably from the decomposed coating. After oxidation
in air the microstructure consists of only patches with coating, revealing large areas of
substrate exposed to the atmosphere.
The microstructure for the cross section of sample F2D.N.A is given in Figure 4.16.
Figure 4.16: Cross section microstructure of sample F2D.N.A. Image is taken with SEM.
The coating is not continuos across the substrate surface, as seen from both the cross
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section and surface pictures. The coating left on the sample has a high degree of porosity
and measures 6.3 μm. The chromia layer is approximately 2 μm.
4.7 Multiple Layers
4.7.1 Diluted Precusor Solution
The microstructure of sample F1DF1 with two coating layers is shown in Figure 4.17.
(a) (b)
Figure 4.17: a) The surface microstructure of sample F1DF1. b) A hole in the top layer
revealing the first layer of coating. Images are taken with SEM.
The microstructure in Figure 4.17a shows cracks varying from very thin to more dominant
cracks, and even holes in the top coating layer. Holes displayed in the top coating
appeared with low frequency in the total area of the sample.
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After heat treatment in N2 cracks in the top layer is more dominant, as seen in Figure
4.18a. Tiny particles covering the coating surface is also visible after heat treatment in
N2.
(a) (b)
Figure 4.18: a) Surface microstructure after heat treatment in N2 for sample F1DF1. b)
A hole in the top layer revealing the first layer of coating. Images are taken with SEM.
The microstructure of the same sample oxidized in air after N2 is shown in Figure 4.19.
(a) (b)
Figure 4.19: Surface microstructure after oxidation in air for sample F1DF1. b) A hole
in the top layer revealing the first layer of coating. Images are taken with SEM.
The microstructure of sample F1D.F1D.N.A show cracking in the coating. The cracks
are big with very thin cracks branching out from the larger ones and in to the coating.
Some crack healing is observed in the coating.
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The microstructure for the cross section of sample F1D.F1D.N.A is given in Figure 4.20.
Figure 4.20: Cross section microstructure of sample F1D.F1D.N.A.
Cross section imaging show that coating is not continuos across the substrate surface.
The coating is fairly dense with a thickness of 7.87 μm, but it adheres badly to the
substrate and has detached completely in some regions. The chromia layer is 1.80 μm
thick.
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4.7.2 Non-diluted Precursor Solution
The surface microstructure for sample 2(E6.NS.A) is given in Figure 4.21. The samples
are coated with 2 mL precursor solution, given slow heat treatment in N2 and oxidized
in air. Sample was sprayed with a second layer using same parameters as previous layer,
before the heat treatment was repeated.
(a) (b)
Figure 4.21: a) Surface microstructure of sample 2(E6.NS.A). b) A close-up. Images are
taken with SEM.
Figure 4.21b shows that the coating consists of islands separated by cracks. The size
of the islands are approximately 10-20 μm, which is notably smaller than observed for
singe layer coatings. This microstructure is continuous across the surface. Close-up of
the coating microstructure indicate that cracks between islands could be channels down
to the substrate. EDS mapping was preformed on the surface and the EDS Cr map is
given in Figure 4.22.
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Figure 4.22: EDS map for Cr on surface of sample 2(E6.NS.A). Cr rich areas are given
in red.
Cr is detected through the coating with EDS mapping and is associated with chromia
formed on the substrate when exposed to elevated temperatures. This indicates that
cracks in the coating most likely are channels down to the substrate, as the surface
microstructure in Figure 4.21b suggests.
The cross section for sample 2(E6.NS.A) is given in Figure 4.23.
Figure 4.23: The cross section of sample 2(E6.NS.A). Image is taken with SEM.
Cross section of the sample display a dense coating with few pores, but the coating is not
continuous across the surface and there are several open channels exposing the substrate.
The thickness of the coating clots is in the range of 4-7 μm.
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4.8 Kinetics for Heat Treatment in N2
Microstructure of the green coating of sample F1 is shown in Figure 4.24a. While the
surface microstructure after heat treatment in N2 with slower heating rate, according to
the temperature program in Figure 3.2, is shown in Figure 4.24b. The microstructure
after oxidizing in air is given in Figure 4.24c.
(a) (b)
(c)
Figure 4.24: Surface microstructure of sample F1 for a) green coating. b) coating after
heat treatment in nitrogen with slow heating rate. c) after oxidation in air. Images are
taken with SEM.
The green coating before heat treatment in N2 display thin and continuous cracks through
the coating surface. After heat treatment in N2 the sample show a microstructure with
thinner cracks and little to no branching, as seen in Figure 4.24b.
Figure 4.24c display the sample with the slower heating rate after being oxidized in air.
The sample display a cracked microstructure with thin cracks and some branching of
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cracks. After oxidation in air a more dominant grain structure has appeared, which
suggests sintering effects in the coating.
The microstructure for the cross section of sample F1.NS.A is given in Figure 4.25.
Figure 4.25: Cross section microstructure of sample F1.NS.A with slow heating.
Coating is not continuos across the substrate surface as cracks observed in the surface
picture in Figure 4.24c goes all the way down to the substrate. The coating is very dense,
adheres well to the substrate and the measured thickness is 2.62 μm. The chromia layer
is 1.35 μm thick.
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4.9 Long Term Oxidation
The samples selected for long term oxidation was E6.NS.A and 2(E6.NS.A).
XRD diffractograms for samples E6.NS.A.LT and 2(E6.NS.A)LT are given in Figure 4.26.
The diffractograms show that a cubic spinel structure is present in both samples after
long term oxidation. In the diffractogram for sample E6.NS.A.LT, peaks associated with
chromia and substrate are also observed.
Figure 4.26: XRD diffractograms for samples E6.NS.A.LT and 2(E6.NS.A)LT.
4.9.1 Single Layer
Microstructure of sample E6.NS.A before and after long term oxidation in air at 800 ◦C
for 100 h are given in Figure 4.27.
(a) (b)
Figure 4.27: Surface microstructure for sample a) E6.NS.A. b) E6.NS.A.LT. Images are
taken with SEM.
4.9 Long Term Oxidation 43
After long term oxidation in air a change in the coating microstructure is observed, a
more porous phase has appeared. A close up of this phase is given in Figure 4.28 and it
appears to consist of a porous network of coating particles formed as an effect of sintering.
Figure 4.28: Close up of coating microstructure on sample E6.NS.A.LT. Image is taken
with SEM.
EDS mapping of the surface of sample E6.NS.A.LT with respect to Cr is given in Figure
4.29. The detected Cr is marked with red color.
Figure 4.29: EDS map of the surface of sample E6.NS.A.LT with respect to Cr. The
detected Cr is marked with red.
Cr detected through the coating is most likely from chromia formed during heat treat-
ment. Cr content is higher in areas of coating where the porous second phase is domi-
nating.
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Cross section image for sample E6.NS.A.LT is given in Figure 4.30.
Figure 4.30: Cross section microstructure of sample E6.NS.A.LT. Image is taken with
SEM.
Cross section microstructure show a clearly porous coating. Cracks observed in the
surface image is visible in the cross section and penetrates all the way down to the
substrate surface. The approximate thickness for the coating is 3.02 μm and a second
phase is observed in the interface between the substrate and the coating, most likely
chromia formed during heat treatment.
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4.9.2 Multiple Layer
The coating microstructure of sample 2(E6.NS.A)LT exposed to long term oxidation is
compared to sample 2(E6.NS.A) and given in Figure 4.31b.
(a) (b)
Figure 4.31: The surface microstructure for sample a) 2(E6.NS.A) and b) 2(E6.NS.A)LT.
The change observed in the microstructure of sample E6.NS.A during long term oxidation
is observed in the coating microstructure of sample 2(E6.NS.A). A porous second phase
has appeared, this porous phase is however less dominant in the sample with multiple
layers of coating.
EDS mapping of the surface of sample 2(E6.NS.A)LT with respect to Cr after long term
oxidation is given in Figure 4.32
Figure 4.32: Cr mapping for surface of sample 2(E6.NS.A)LT.
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The EDS mapping result show that Cr is detected through the coating, most likely
because of chromia formed during heat treatment. The EDS mapping show that more
Cr is detected through the porous secondary phase compared to the more dense coating.
For sample 2(E6.NS.A)LT less Cr is detected trough the surface compared to single layer
coatings.
The cross section of sample 2(E6.NS.A)LT is given in Figure 4.33.
Figure 4.33: Cross section of sample 2(E6.NS.A)LT.
Cross section image display coating with good adhesion to the substrate, but with a very
porous structure and thickness of approximately 5.15 μm. The chromia layer measures
1.7 μm.
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4.10 EDS Line Scans
EDS line scan for cross section of sample E5.N.A is given in Figure 4.34. The stippled
line numbered 1 indicates the interface between the steel substrate and the chromia layer,
while the stippled line numbered 2 indicates the interface between the chromia and the
coating.
Figure 4.34: EDS line scan for cross section of sample E5.N.A.
The first region of the line scan is a Cr and Fe rich phase that is associated with Crofer
steel substrate. A Cr and O rich phase, which corresponds to chromia formed during heat
treatment, makes out the second region. The peak of the Cr content is observed in the
middle of this region. Coating is found in the final region where Mn, Co and O appears
in stoichiometric ratio expected for the spinel, and presence of the spinel is confirmed by
XRD. No significant amount of Cr was detected with the EDS line scan in the coating
region. A small peak in Mn is observed at the same distance as Cr starts to increase, this
is associated with the (Mn,Cr) spinel formed on Crofer steel. Some irregularities occur
when scanning pores in the coating.
EDS line scan for cross section of sample 2(E6.NS.A), E6D.NS.A , F1D.F1D.N.A and
F1.NS.A. are given in Figure 4.35a, 4.35b, 4.35c and Figure 4.35d respectively as the
display the same behavior as sample E5.N.A.
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(a) (b)
(c) (d)
Figure 4.35: EDS line scan for cross section of sample a) 2(E6.NS.A). b) E6D.NS.A. c)
F1D.F1D.N.A. d) F1.NS.A.
The behavior of the diluted samples F1D.N.A and F2D.N.A differs from samples given
in Figure 4.35. As shown in Figure 4.36 the three main regions are the same, but no Mn
peak is detected in the beginning of the Cr rich phase. Instead of a peak there is a steady
increase in the Mn content displayed throughout the chromia layer.
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(a)
(b)
Figure 4.36: EDS line scan for cross section of sample a) F1D.N.A. b) F2D.N.A.
Line scans for samples E6.NS.A.LT and 2(E6.NS.A)LT exposed to long term oxidation
are given in Figure 4.37a and 4.37b respectively. The difference observed in samples
exposed to long term oxidation and samples given only initial heat treatment is the Mn
content in the chromia layer, and the peak of the Cr content. As seen in Figure 4.37
more Mn is detected in the chromia for samples exposed to long term oxidation, while
the peak for Cr content has moved closer to the substrate.
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(a)
(b)
Figure 4.37: EDS line scan for cross section of sample a) E6.NS.A.LT. b) 2(E6.NS.A)LT.
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4.11 EDS mapping
Cross section of all samples were subject to element mapping with EDS. The trend for all
samples were the same. A Fe rich region from the Crofer 22 APU substrate is observed.
A region high in Cr and O associated with formation of chromia is observed on top of
the substrate. In the Mn map a thin layer with Mn is observed just below the chromia
layer. The coating region is shown in the EDS maps of Mn, Co and O. The EDS maps
for sample E5.N.A are given in Figure 4.38. EDS maps for the remaining samples are
provided in Appendix C.
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(a) (b)
(c) (d)
(e)
Figure 4.38: EDS map of cross section of sample E5.N.A for element a) iron(green). b)
chromium(red). c) cobalt(blue). d) manganese(magneta). e) oxygen(yellow).
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Two substrates polished accordingly to grinding and polishing regime in Table 3.2 were
given the same heat treatment as coated samples and used as a reference. The heat
treatment of the substrates are given in Table 4.2. Substrate #1 is heated 2(NS.A) and
named S1. Substrate #2 is heated NS.A.LT and is named S2.
Table 4.2: Heat treatment for bare substrates.
Sample: Substrate #1 Substrate #2
Nitrogen + Air Yes Yes
No. of cycles 2 1
Long Term No Yes
The cross section for substrate S1 was examined and is given in Figure 4.39.
Figure 4.39: The cross section of Substrate # 1. Image is taken with SEM
Cross section show a substrate microstructure containing islands. This is an unexpected
result and is not observed in cross section of coated samples that were given the same
heat treatment.
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The cross section of substrate S1 was examined with EDS and the maps are given in
Figure 4.40.
(a) (b)
(c) (d)
Figure 4.40: EDS map of cross section of Substrate #1 ) for element a) iron(green). b)
chromium(red). c) manganese(magneta). d) nitrogen(red).
It is worth noting that the Cr map show little formation of chromia on the substrate.
Mn map display a thin layer of Mn on the surface, which is most likely associated with
the (Mn,Cr) layer observed in earlier samples and as reported in the literature. EDS
mapping results show that the islands formed in the substrate is Cr-based, but N is also
detected in the islands. Element analyses of 4 islands using EDS are given in Table 4.3
and confirm that the islands are Cr, Fe and N based. No O or Mn is detected in the
islands.
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Table 4.3: EDS analysis of 4 islands in Substrate #1.
At%
Element 1 2 3 4
Fe 14.76 27.29 15.97 17.33
Cr 61.08 50.70 58.82 64.66
N 24.16 22.01 25.21 18.01
The line scan for S1 is given in Figure 4.41. The interface between substrate and chromia
layer is marked with a stippled line.
Figure 4.41: EDS line scan for Substrate #1.
The line scan show a region with varying Cr and Fe content. This is the substrate with
the same irregularities as already observed in the cross section and EDS maps. At the
surface of the substrate there is an increase in the Cr, as well as in O and Mn, associated
with (Mn,Cr) spinel.
The cross section for S2 is given in Figure 4.42.
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Figure 4.42: The cross section of Substrate # 2. Image is taken with SEM.
Cross section of S2 show that a thin and fairly porous layer has formed on the substrate
surface. The layer measures approximately 1.58 μm.
EDS mapping of cross section microstructure for substrate S2 is given in Figure 4.43.
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(a) (b)
(c)
Figure 4.43: EDS map of cross section of Substrate #2 ) for element a) iron(green). b)
chromium(red). c) manganese(magneta).
EDS mapping show that the layer observed on the substrate surface in the cross section
after long term oxidation is a layer consisting of Mn and Cr. This is consistent with what
is reported in the literature.
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EDS line scan for sample S2 is given in Figure 4.44. A stippled line indicates the interface
between substrate and chromia.
Figure 4.44: EDS line scan for Substrate #2.
EDS line scan show a region with Cr and Fe in the ratio as expected from Crofer steel
substrate. At the surface of the sample there is an increase in the O, Mn and Cr content,
associated with the (Mn,Cr) spinel, which is also observed in the EDS mapping.
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4.13 Uncoated side
Mapping of uncoated sides of selected samples were preformed after discovery of CrN
islands in reference samples. Samples given N.A heat treatment, NS.A heat treatment,
2(NS.A) heat treatment and 2(NS.A)LT heat treatment were examined, and chromia
maps for these samples are given in Figure 4.45.
(a) (b)
(c) (d)
Figure 4.45: EDS map of Cr in uncoated side of cross section in sample a) F1D.F1D.N.A
b) F1.NS.A c) 2(E6.NS.A) d) 2(E6.NS.A)LT. Cr rich areas are shown in red.
Cr maps show that the islands appear in samples given slow heat treatment. No islands
are observed for sample F1D.F1D.N.A. EDS detected the presence of N in the islands.
A table providing the content of N, Cr and Fe in a random selection of islands in each
sample is given in Table 4.4. EDS maps for Fe, O and N in the samples are provided in
Appendix C.
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Table 4.4: EDS analysis of islands in samples F1.NS.A, 2(E6.NS.A) and 2(E6.NS.A)LT.
At%
Element F1.NS.A 2(E6.NS.A) 2(E6.NS.A)LT
Fe 29.07 32.97 14.23
Cr 54.33 49.80 67.73
N 16.60 17.23 18.06
The table show that the islands consist of Cr, Fe and N, while no Mn or O is detected.
Islands in Sample 2(E6.NS.A)LT show lower Fe content and higher Cr content compared
to samples only given initial heat treatment. There is not observed any significant dif-
ference in the sample 2(E6.NS.A) that has been exposed to the N2 heating step twice
compared to sample F1.NS.A.
4.14 Weight Measurements
Samples E6.NS.A and sample 2(E6.NS.A) were weighed after each step in the coating and
heat treatment procedure. The two substrates were weighed as references. The weights
are given in Table 4.5 and all numbers are reported in [g].
Table 4.5: Weight Measurements. All numbers are reported in [g]
Sample: E6.NS.A 2(E6.NS.A) Substrate #1 Substrate #2
Bare 2.8418 2.9229 3.0098 2.9471
First spraying 2.8478 2.9270
First coating layer 0.0060 0.0041
First heating in N2 2.8526 2.9351 3.0255 2.9485
Weight diff. 0.0048 0.0081 0.0157 0.0014
First heating in air 2.8536 2.9359 3.0260 2.9492
Weight diff. 0.0010 0.0008 0.0005 0.0007
Second spraying 2.9418
Second coating layer 0.0059
Second heating in N2 2.9409
Weight diff. -0.0009
Second heating in air 2.9428
Weight diff. 0.0019
Long term heating 2.8540 2.9433 2.9500
Weight diff. 0.0004 0.0005 0.0008
Total weight diff. 0.0122 0.0204 0.0162 0.0029
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5.1 Deposition of Coatings
The desired result after spraying is a crack free coating which is continuos across the sam-
ple surface and adheres well to the substrate. Microstructure of coatings is correlated to
coating thickness. When the appropriate temperature interval for spraying is determined,
parameters such as flow rate and volume can be altered to obtain desired result.
A trend of fewer cracks with higher spraying temperature is observed, and may be a result
of more solvent evaporation during the transportation of aerosol from nozzle to substrate.
From the thermal behavior of the precursor solution in Figure 4.1 a substantial mass loss
up to 200 ◦C is observed, related to the decomposition of nitrates and remnant water.
At 200 ◦C there is a short plateau before the rest of the nitrates decompose. Spraying
at the end of this plateau will give the desired ionic precipitates indicated in Figure 2.8.
Table 3.4 indicates that a set-point temperature between 800 ◦C and 850 ◦C corresponds
to a substrate temperature between 190 ◦C and 215 ◦C.
Flow rate, dilution of precursor and spraying volume are parameters affecting the sub-
strate temperature. Increased volume of solvent to evaporate will decrease the temper-
ature on the substrate. A temperature decrease will move the deposition mechanism
to the lower temperature region of Figure 2.8, yielding droplets instead of desired ionic
precipitate. Coatings sprayed with higher flow rate display more branching of thin cracks
compared to samples with lower flow rate. For the diluted samples an orbit effect is
observed in the surface of the decomposed coating. Orbits in the microstructure could
be traces of solid domes of coating that have collapsed[3]. The coating begin to solidify
before the solvent has evaporated and encapsulate the solvent. During decomposition the
dome collapses when support from the solvent disappears. Areas of diluted samples with
more cracks display a lower frequency of the orbits.
High solvent content allows droplets of solvent to spread on the surface. These droplets
will begin to boil and nucleate by vapor bubble nucleation in the liquid if the temper-
ature is above the boiling point of the solvent[23]. This is the case for this project and
the phenomena could explain the cracking in the coatings. Solvent that evaporates dur-
ing drying will induce cracks in deposited coatings, associated with the thicker cracks
observed for higher volume and flow rate. Cracks are visible in the surface structure
for samples with lower spraying volume, but cross section show that these cracks are
shallow and stops before reaching the substrate. A reduction in volume strengthens the
probability of constant substrate temperature throughout spraying, as the spraying time
decrease. Constant temperature will prevent the deposition mechanism to move out of
the desired region. Heat treatment gives only a small broadening in the cracks, suggesting
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little remnant solvent, especially compared to diluted samples.
A difference in substrate temperature on diluted samples is further evident when observ-
ing how the two areas are effected by heat treatment. Cracks increase to the extent that
the coating is ruined in areas were the solvent content is assumed to be high. For the
areas with less cracking the coating appears to have an increased porosity in the surface
caused by evaporating solvent. This increase in the porosity is confirmed by the cross
section images.
5.2 Multiple Layers
The purpose of multiple layers is to cover up flaws in previous layers. Spraying a second
or third layer will possibly fill cracks and pores in already sprayed coatings. Depending
on cations and solvent there is a maximum coating thickness possible to deposit in each
spraying[24]. Several layers are therefore used to achieve desired thickness of the coating.
One of the main challenges is to find the proper heat treatment between layers.
Production of samples requiring a change in atmosphere between each layer is not very
industrial friendly, as for sample 2(E6.NS.A). Sample F1DF1.N.A however is more suited
for mass production as it only requires a decomposition step before it can be sprayed
again. On the other hand, cross section of both samples show that neither coatings
covers the substrate properly. It is not possible to distinguish the separate layers and
cracks are subsequently penetrating down to the substrate. For the prepared multilayered
coatings, separation of the sprayings gives no effect due to the current heat treatment.
During the heat treatment the layers melt together to form one coating with too much
tension, and that cracks. It appears the heat treatment of 5 h at 1000 ◦ in N2, followed
by oxidation in air for 5 h at 800 ◦ does not give the desired sintering effects on coatings.
This lack of sintering is confirmed by coating particles in the microstructure of multilayer
coating given full heat treatment between layers, where no evidence of sintering is found.
An extended exposure to elevated temperature in the inert atmosphere could lead to
increased sintering and density[5, 25]. This is important as both Kurokawa et al.[26]
and Baba et al.[5] report that the density of the coating is the dominating factor in
suppressing chromia evaporation. Baba et al.[5] found adding Li as a sintering aid to the
spinel gave increased density.
5.3 Heat treatment
A step-by-step proposal of how the coating structure is behaving during different stages
of heat treatment is given in Figure 5.1. The figure is based on result from TG and XRD
analysis of coating after given heat treatments.
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Figure 5.1: A step-by-step proposal of how the coating structure is behaving during dif-
ferent stages of heat treatment. Temperatures, heating and cooling rates are illustrative.
As-deposited coatings have an amorphous structure, and when coatings are exposed to
elevated temperatures the spinel begins to form. Upon heat treatment in N2 it is desirable
that the spinel decomposes to metal and metal oxides, giving cations the possibility to
rearrange[25, 14]. Heat treatment in inert atmosphere is preformed to sinter and densify
the coating without formation of undesired phases. The heat treatment is also stated to
give better adhesion to the substrate[25, 14]. Upon oxidization the decomposed coating
will adsorb oxygen and regenerate. The idea is that adsorption of oxygen swells the
coating and heal cracks. XRD results show that the spinel is decomposed to metallic
oxides after heat treatment in N2, and that heat treatment in air i sufficient to regenerate
the spinel structure.
The mass gain/loss calculated for samples given one cycle of heat treatment (E6.NS.A)
and two cycles (2(E6.NS.A)), show that the first heating in N2 generated mass. A loss
was expected for heat treatment in inert atmosphere, due to loss of oxygen in the spinel.
Additionally, the heat treatment will cause growth of chromia in the substrate, which
help explain the mass gain. It could also be a consequence of (Mn,Cr) spinel formation,
as discussed below. For sample 2(E6.NS.A) the expected mass loss was observed for
the second heating in N2. Indicating that the first layer of coating reduced further
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growth of chromia. For heating in air both samples experienced mass gain associated
with regeneration of the spinel and growth of chromia. The gain during second heat
treatment in air is bigger than for the first, and can be seen as a consequence of increased
amount of decomposed coating available to adsorb oxygen.
5.3.1 Effect of Kinetics for Heat Treatment in N2
Slower heating rate in N2 will allow nitrates to decompose with a slower rate. This
gives the coating longer time to adjust to changes caused by evaporating nitrates and
remnant solvent[27]. Investigating cross sections of samples that were exposed to slower
heat treatment display coatings with higher density. For sample E6D.NS.A the coating
is already decomposed when the sample is exposed to slow heat treatment, therefore slow
heating rate should have no effect on the decomposition of nitrates. The sample shows a
denser coating, which could be caused by longer holding time at elevated temperatures,
giving more time for sintering. On the other hand, the microstructure of the multilayered
coating given slow heat treatment show clusters of coating particles and little sintering
effects, indicating that the extra time at elevated temperatures in N2 has little sintering
effect on the coatings.
The diluted sample F1.NS.A which is assumed to have higher content of remnant solvent
and nitrates show a clear benefit from the slow heating rate. The coating is much more
dense compared to its counterpart heated with normal heating rate. Because of the high
solvent content diluted samples has more to gain from the slow heating and the extra
time to rearrange. Suggesting that a combination of dilution and slow heating could be
promising for achieving crack free and dense coatings.
5.3.2 Long Term Oxidation
The goal for long term oxidation is to see the effect on coatings when exposed to ”oper-
ating conditions”. Microstructures for the single layer sample E6.NS.A and multilayered
sample 2(E6.NS.A) after heat treatment show that the microstructure has changed ap-
pearance. A second phase with more porous coating has appeared on both samples. This
is probably an effect of Ostwald ripening where coating particles has begun to sinter and
pores form[28]. This is an indication that the initial heat treatment of coatings does not
have the desired sintering effects. Cross section images confirm porosity in the coatings
and channels down to the substrate is observed, and an initial heat treatment that allows
more sintering of coatings should be investigated.
Weight measurements show that the mass increase for bare substrate is marginally larger
than for coated samples, only 0.003 g compared to 2(E6.NS.A) and 0.004 g compared
to sample E6.NS.A. A greater difference would be expected as the coatings should pre-
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vent further chromia from forming. Mass gain for the substrate could however be larger
because the effect of evaporating chromia from bare steel has not been taken into consid-
eration, and EDS mapping of cross section for bare substrates show very little presence
of chromia. The thickness of the chromia layer for bare samples are in the same range
as for coated samples. The coating is supposed to prevent chromia from evaporating,
but cross section of coated samples exposed to long term oxidation show a very porous
microstructure that probably is unable to prevent evaporation.
EDS line scan of long term oxidized samples showed a higher content of Mn in the chromia
layer formed compared to other samples. This is most likely a diffusion effect, as diffusion
increase at elevated temperatures. EDS analysis show no increase of Cr in coatings of long
term oxidized samples, suggesting only an increase of the inward diffusion of Mn when
exposed to elevated temperatures. Lobnig et al.[29] show that the diffusion of Mn is one
order of magnitude higher then for Cr at 900 ◦C, in chromia grown on a steel comparable
to Crofer. This provide a possible explanation to why Mn could travel into the chromia
layer, while very little Cr has migrated into the coating, when exposed to long term
oxidation. The Cr peak in line scans for long term oxidized samples is actually observed
moving closer to the substrate compared to samples given only initial heat treatment. Cr
risk layers were observed by Horita et al.[30] to reduce and even block O diffusion.
5.3.3 (Mn,Cr)-layer
Crofer 22 APU steel is reported to form a chromia manganese oxide spinel to hinder
further evaporation of chromia from the substrate[12, 13]. This layer is reported in
the literature to form above the chromia layer, by Mn diffusion from the substrate and
through the scale[31]. A (Mn,Cr)-layer is detected in EDS maps of cross sections for all
samples. However, this layer has formed below the chromia, in the interface between the
substrate and the chromia. Cross section of bare steel substrates show that formation of
this layer is on the substrate surface. An illustration of the two layered structures are
given in Figure 5.2.
Figure 5.2: The (Mn,Cr) spinel as a) observed. b) reported in literature.
During heat treatment the high temperature allows migration of Cr and Mn from sub-
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strate, and oxygen from the surroundings, to form both chromia and the (Mn,Cr)-spinel.
As the (Mn,Cr) spinel is formed it reduces migration of Cr from substrate. When both
the (Mn,Cr) spinel and the chromia layer is formed, the (Mn,Cr) spinel will reduce further
growth of chromia and give the layered structure shown in Figure 5.2a, minus the coating.
Upon further heat treatment of bare substrate the upper chromia layer will evaporate
and give the structure in Figure 5.2b, minus the coating. But for coated samples the
chromia layer is trapped by the coating, giving the structure seen in Figure 5.2a. The
(Mn,Cr) spinel is not completely sealed, as reported by Kim et al.[32], and some Cr is
still be able to migrate through the spinel and be available for chromia formation[13].
Chen et. al[33] and Kurokawa et al.[26] suggest that oxygen is able to migrate through
the coating, allowing further growth of chromia in the interface between coating and
substrate even though the substrate is coated. As long as the transportation of oxygen
through the coating is faster than the transportation of Cr, the scale will keep growing
below the coating. As discussed, the diffusivity of oxygen through the coating decreases
over time and the distance Cr has to migrate to form a oxidation product will be the
measure on protective properties of the coating[5, 30].
5.3.4 Fe, Cr and N islands
The formation of unexpected islands in the bare substrate may be an effect of the heat
treatment in N2. Schacherl et al.[34] show that ferritic stainless steels containing chromia
can be nitridated to form Cr2N and CrN with a ammonia/hydrogen mixture at 580
◦C.
The higher the chromium content in the steel, the higher amount of nitride precipitate is
observed. Lyutaya et al.[35] show that the nitridation of pure chromium is possible in a
N2 stream, and the reaction begins at around 600
◦C. The result of nitridation in a N2 is
a mixture of Cr2N and CrN. This is in compliance with the element distribution given in
Table 4.3 and Table 4.4. It is assumed that the thermodynamical conditions during heat
treatment in N2 is favorable for the formation of Cr2N and CrN by nucleation and growth.
Time is also an important factor as only samples given slow heat treatment showed the
formation of islands. These samples spent a total time of 20 h in N2, compared to 15
for the normal heat treatment, both heat treatment include the same time at maximum
temperature. The formation of the islands is therefore dependent on a combination of
temperature and time.
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6 Conclusion and Outlook
Crofer 22 APU steel has been coated with manganese cobalt oxide using spray pyroly-
sis from aqueous nitrate precursor solutions. The effect of substrate temperature, flow
rate, volume, dilution, multiple layers and heat treatment have been investigated. The
deposited coatings have been evaluated with respect to surface microstructure, thickness,
density and stability at ”operating conditions”.
From this investigation it has been found that higher substrate temperatures gives fewer
and less severe cracks in the deposited coating. However, the exact temperature is highly
dependent on thermogravimetric behavior of precursor solution.
It was shown that dilution of precursor solution was successful in achieving crack free
coatings. However, the coatings did not withstand further reducing and re-oxidizing heat
treatment, and reducing the heat treatment kinetics to improve the coating microstruc-
ture was not beneficial.
As there is a maximum thickness achievable in a single deposition, thicker coatings could
be produced by multiple layers. The thickest coating achieved was the two layered coating
sprayed with diluted precursor solution and measured 7.87 μm. The coatings did however
display either cracks or channels that exposed the substrate to the atmosphere, for both
diluted and non diluted samples. A heat treatment between each layer proved to have
little effect on preventing tension caused by increased thickness, as the layers melted
together.
The long term heat treatment at 800 ◦C for 100 h in air on coatings revealed that
the coatings were not sufficiently sintered after final processing, and a change in the
microstructure appeared. A further development of the processing treatment is necessary
to prevent the sintering effects during operating conditions. Moreover the formation of
CrN islands was observed in samples given the slow heat treatment in N2. The use of N2
as inert atmosphere should be replaced with the use of e.g. Ar to prevent formation of
the reported islands.
The deposition of crack free manganese cobalt oxide on Crofer 22 APU steel proved
to be challenging. The study was not successful in achieving a coating with a crack
free microstructure that could withstand operating conditions. The author suggest that
further research should focus on tailoring a successful heat treatment program to deposit
suitable, dense and crack free multilayer coatings. An independent top layer could heal
defects from preceding layers and reduce the need for completely crack free coatings upon
deposition. A possible starting point is prolonged exposure to elevated temperatures, in
inert or reducing atmosphere, to achieve full sintering of coatings.
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A Thermogravimetric Behavior
A.1 Green Coatings
The thermal behavior of deposited green coating in air is shown in Figure A.1. The
coating follows the TGA temperature program #2, heating to 1200 ◦C in air.
Figure A.1: TG of green coating in air.
The thermal behavior for the coating for temperature program #1 is given in Figure A.2.
It follows the TGA temperature program #1.
74 A Thermogravimetric Behavior
Figure A.2: TG of green coating in N2 followed by air.
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B XRD Diffractograms
The XRD diffractogram of the sample after heat treatment in N2 is given in Figure B.1.
Figure B.1: XRD diffractogram for sample E6D.N
For sample E6D.NS.A the XRD diffractogram is given in Figure B.2.
Figure B.2: XRD diffractogram for sample E6D.NS.A
The XRD diffractograms for samples F1D.F1D.N and F1D.F1D.N.A are given in Figure
B.3 and Figure B.4.
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Figure B.3: XRD Diffractogram of sample F1D.F1D.N.A
Figure B.4: XRD Diffractogram of sample F1D.F1D.N
The XRD diffractogram for sample 2(E6.NS.A) is shown in Figure B.5.
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Figure B.5: XRD diffractogram for sample 2(E6.NS.A)
The XRD diffractogram for the sample F1 after heat treatment in N2 is given in Figure
B.7.
Figure B.6: XRD diffractogram for sample F1.N.S
The XRD diffractogram for sample F1.N.A is shown in Figure B.7
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Figure B.7: XRD diffractogram for sample F1.NS.A
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C EDS Mapping
EDS maps of cross section for all samples are given in this appendix. EDS maps of the
uncoated side of the substrate in the cross section are also included for a selection of
samples.
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C.1 Coated side
The EDS mapping of the cross section of sample E6D.NS.A is given in Figure C.1.
(a) (b)
(c) (d)
(e)
Figure C.1: EDS map of cross section of sample E6D.NS.A for element a) iron b)
chromium c) cobalt d) manganese and e) oxygen.
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EDS mapping of the cross section for sample F1D.N.A is given in Figure C.2.
(a) (b)
(c) (d)
(e)
Figure C.2: EDS map of cross section of sample F1D.N.A for element a) iron b) chromium
c) cobalt d) manganese and e) oxygen.
82 C EDS Mapping
EDS mapping of the cross section of sample F2D.N.A is given in Figure C.3.
(a) (b)
(c) (d)
(e)
Figure C.3: EDS map of cross section of sample F2D.N.A for element a) iron b) chromium
c) cobalt d) manganese and e) oxygen.
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EDS mapping of the cross section of sample F1D.F1D.N.A is given in Figure C.4.
(a) (b)
(c) (d)
(e)
Figure C.4: EDS map of cross section of sample F1D.F1D.N.A for element a) iron b)
chromium c) cobalt d) manganese and e) oxygen.
84 C EDS Mapping
EDS mapping of the cross section of sample 2(E6.NS.A) is given in Figure C.5.
(a) (b)
(c) (d)
(e)
Figure C.5: EDS map of cross section of sample 2(E6.NS.A) for element a) iron b)
chromium c) cobalt d) manganese and e) oxygen.
C.1 Coated side 85
The EDS mapping of the cross section of sample F1.NS.A is given in Figure C.6.
(a) (b)
(c) (d)
(e)
Figure C.6: EDS map of cross section of sample F1.NS.A with slow heating for element
a) iron b) chromium c) cobalt d) manganese and e) oxygen.
86 C EDS Mapping
The EDS mapping for sample E6.NS.A.LT is given in Figure C.7
(a) (b)
(c) (d)
(e)
Figure C.7: EDS map of cross section of sample E6.NS.A.LT for element a) iron b)
chromium c) cobalt d) manganese and e) oxygen.
C.1 Coated side 87
EDS mapping of the cross section of sample 2(E6.NS.A)LT is given in Figure C.8.
(a) (b)
(c) (d)
(e)
Figure C.8: EDS map of cross section of sample 2(E6.NS.A)LT for element a) iron b)
chromium c) cobalt d) manganese and e) oxygen.
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C.2 Uncoated side
The EDS mapping of the cross section of the uncoated side of the substrate for sample
F1D.F1D.N.A is given in Figure C.9.
(a) (b)
(c) (d)
Figure C.9: EDS map of cross section of sample F1D.F1D.N.A for element a) iron b)
chromium c) oxygen and d) nitrogen.
C.2 Uncoated side 89
The EDS mapping of the cross section of the uncoated side of the substrate for sample
F2D.N.A is given in Figure C.10.
(a) (b)
(c) (d)
Figure C.10: EDS map of cross section of sample F2D.N.A for element a) iron b)
chromium c) oxygen and d) nitrogen.
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The EDS mapping of the cross section of the uncoated side of the substrate for sample
E6D.NS.A is given in Figure C.11.
(a) (b)
(c) (d)
Figure C.11: EDS map of cross section of sample E6D.NS.A for element a) iron b)
chromium c) oxygen and d) nitrogen.
C.2 Uncoated side 91
The EDS mapping of the cross section of the uncoated side of the substrate for sample
F1.NS.A is given in Figure C.12.
(a) (b)
(c) (d)
Figure C.12: EDS map of cross section of sample F1.NS.A) for element a) iron b)
chromium c) oxygen and d) nitrogen.
92 C EDS Mapping
The EDS mapping of the cross section of the uncoated side of the substrate for sample
2(E6.NS.A) is given in Figure C.13.
(a) (b)
(c) (d)
Figure C.13: EDS map of cross section of sample 2(E6.NS.A) for element a) iron b)
chromium c) oxygen and d) nitrogen.
C.2 Uncoated side 93
The EDS mapping of the cross section of the uncoated side of the substrate for sample
E6.NS.A.LT is given in Figure C.14.
(a) (b)
(c) (d)
Figure C.14: EDS map of cross section of sample E6.NS.A.LT for element a) iron b)
chromium c) oxygen and d) nitrogen.
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The EDS mapping of the cross section of the uncoated side of the substrate for sample
2(E6.NS.A)LT is given in Figure C.15.
(a) (b)
(c) (d)
Figure C.15: EDS map of cross section of sample 2(E6.NS.A)LT a) iron b) chromium c)
oxygen and d) nitrogen.
